A selection of models for estimating vapour pressures have been tested against experimental data for a set of compounds selected for their particular relevance to the formation of atmospheric aerosol by gas-liquid partitioning. The experimental vapour pressure data (all <100 Pa) of 45 multifunctional compounds provide a stringent test of the estimation techniques, with a recent complex group contribution method providing the best overall results. The effect of errors in vapour pressures upon the formation of organic aerosol by gas-liquid partitioning in an atmospherically relevant example is also investigated. The mass of organic aerosol formed under typical atmospheric conditions was found to be very sensitive to the variation in vapour pressure values typically present when comparing estimation methods.
Introduction
The atmospheric aerosol is important for the understanding of climate change and for human health. The formation of condensed organic aerosol (OA) component mass from volatile organic compounds (VOCs) in the atmosphere is frequently described by a gas-liquid partitioning model (Barley et al., 2009 , and references therein, e.g. Pankow, 1994) , in which vapour pressure is a primary determinant. Whether the goal is to model OA composition using explicit methods (e.g. Aumont et al., 2005 and Bloss et al., 2005) or by nonarbitary selection of model compounds from real candidate compound ensembles, accurate estimates of the vapour pressures for all the thousands of organic compounds at ambient temperatures will be required.
Correspondence to: G. McFiggans (g.mcfiggans@manchester.ac.uk) Reliable experimental vapour pressure data for a wide range of compounds are available from established databases (e.g. Dortmund Databank (DDB); http://www.ddbst.de/new/ frame DDB.htm). However the vast majority of these data have been collected by or on behalf of the chemical industry for chemical plant design improvement, with a particular emphasis on production and purification of products by distillation. Most of the data are therefore collected for structurally simple compounds (particularly hydrocarbons) with intermediate vapour pressures (10 3 -10 5 Pa) and few data are collected at pressures <1 Pa. Most of the compounds found in the atmosphere will not have vapour pressure data available in the standard databases. Those atmospheric compounds most likely to condense into an aerosol will be relatively complex, high molecular weight (150-300) multifunctional compounds (Saxena and Hildemann, 1996) with ambient vapour pressures <0.1 Pa (Barsanti and Pankow, 2004) ; in many cases, orders of magnitude below 0.1 Pa. These compounds are very poorly represented in collections of experimental vapour pressure data and there are very few organic compounds for which experimental vapour pressure values have been measured below 0.01 Pa.
The aim of the current work is to evaluate a number of vapour pressure estimation techniques against those reliable primary data of most relevance to prediction of vapour pressures of likely OA components. The sensitivity of OA formation to variation in estimated vapour pressure values will also be investigated
Experimental measurement of vapour pressures
The accurate experimental measurement of low (1-10 3 Pa) and very low (<1 Pa) vapour pressures is a significant challenge. The use of modern pressure gauges means that it is theoretically possible to use the static method down to very low pressures but adsorption of volatiles (especially water) onto the surface of the apparatus and the presence of impurities in the sample make this method difficult to use in practice at low pressures. Well established methods that do provide good results at low pressures are the transpiration method (Verevkin et al., 2000) and Knudsen effusion (Dekruif and Vanginkel, 1977; Hallquist et al., 1997) . In the transpiration method a stream of inert gas (usually nitrogen) is used to slowly purge the headspace above a sample of the compound. The material picked up by the stream of nitrogen is then trapped (usually cryogenically) and determined after several hours purging. From the mass of compound transferred by the flowing gas stream the vapour pressure can be calculated. Good results are claimed for this method down to 0.005 Pa (Verevkin et al., 2000) . In Knudsen effusion a small sample is placed in a closed container with a small hole in the side. The vapour in equilibrium with the sample (which is often a solid) effuses out of the small hole into a vacuum. The rate of mass loss allows the calculation of the vapour pressure. For solid samples the experimental vapour pressure (sublimation pressure) needs to be corrected to a sub-cooled liquid vapour pressure (see below) before comparison with estimated values; or use in atmospheric models. The use of Knudsen effusion linked to mass-spectrometry (KEMS) is well established for the measurement of partial pressures above alloy and intermetallic systems at high temperatures (Copland and Jacobson, 2001; Bencze et al., 2004) ; and has recently been used for the determination of vapour pressures of organic compounds at ambient temperatures (Booth et al., 2009) . Within the atmospheric community several measurements have been made at ambient temperatures on monoand di-carboxylic acids using a variety of techniques based upon the rate of evaporation of a compound under controlled conditions (Bilde et al., 2003; Koponen et al., 2007; Tao and McMurray, 1989; Cappa et al., 2007) . However it is not clear at this time how these methods compare to more established techniques such as transpiration and Knudsen effusion.
Estimation of vapour pressures
Many methods for the estimation of vapour pressures have appeared in the literature and they have been periodically reviewed (Poling et al., 2001) . However most of the methods are aimed at the requirements of the chemical industry and typically provide good results for volatile fluids, particularly if an experimental boiling point is available. The databases used to develop these methods are heavily biased towards mono-functional (or indeed non-functional i.e. hydrocarbon) compounds with relatively few examples of bi-or multi-functional compounds present. Hence the estimation methods tend to work best for compounds with one (or zero) functional groups and the relatively few compounds with two or more functional groups may well end up as outliers unless specific provision is made by the model to accommodate them (e.g. by including interactions between functional groups).
For some of the models, particularly the more complex group contribution methods, there is a significant danger of overfitting. This is a problem that is well understood by the chemometrics and cheminformatics community (Faber and Rajko, 2007) ; and occurs when a model starts to describe the noise in the data rather than the underlying trend in the data. An overfitted model will give very good results for the data used to fix the adjustable parameters but much worse results for new data outside the training set. The potential for overfitting depends upon the amount of training data, the number of adjustable parameters in the model and how well the mathematical form of the model relates to the true trend of the data. As group contributions models for vapour pressures (and other physical properties) become more complex then the ratio of independent data points to adjustable parameters is reduced. This results in a significant number of the parameters being fitted to small subsets of the data because the relevant structural feature is poorly represented in the overall data set. In these circumstances there is a danger that a statistically significant non-zero parameter value may be incorrectly obtained. To take a hypothetical example: a specific group contribution may be obtained by the fitting of vapour pressure data, for say 3 or 4 structurally related compounds (eg C4, C5, C6 dicarboxylic acids) all measured by the same researcher, using the same equipment over a period of one year. As experimentalists often report results for structurally related compounds together in a paper this scenario is quite possible but it does raise the question as to the definition of "independent" data. The fitted parameter may reflect biases in the work that would disappear if the data could be combined with that for a more structurally diverse range of dicarboxylic acids produced by a variety of researchers using different techniques. Hence the best way to avoid the danger of overfitting in group contribution models is to ensure that as many independent data points as possible are contributing to the fit for all the adjustable parameters.
Furthermore few, if any, of the vapour pressure estimation methods claim much accuracy below 100 Pa, and the errors increase significantly at lower pressures. Most of the estimation methods reported in the literature require a normal boiling point (T b ) which, for multifunctional compounds, will usually have to be estimated. Hence many estimation methods have two parts: estimation of T b , followed by extrapolation from T b down to the temperature of interest. For some of the compounds of atmospheric interest, the estimated T b can be in excess of 700 K so a relatively small error in the slope of the line between T b and 25 • C can make a large difference to the predicted vapour pressures. Estimation methods of this type that have been used within the atmospheric science community include T b estimation by the method of Nannoolal et al. (2004) (used in E-AIM: Extended Aerosol Inorganics Model, http://www.aim.env.uea.ac.uk/aim/ddbst/pcalc main. php; see Wexler and Clegg, 2002) ; and the older group contribution method of Stein and Brown (1994) , used in both E-AIM and EPI-Suite (EPA, 2009) . This last method is a modification of the method of Joback and Reid (1987) which has recently been used in the study of Camredon and Aumont (2006) . E-AIM provides vapour pressure data either by using T b by Stein and Brown (1994) combined with the vapour pressure equation of Myrdal and Yalkowsky (1997) ; or with T b estimated by Nannoolal et al. (2004) coupled with either the vapour pressure equation of Nannoolal et al. (2008) ; or that of Moller et al. (2008) , using the ARTIST software from the DDB. Camredon and Aumont (2006) reported use of the Myrdal and Yalkowsky (1997) equation while EPISuite uses a modified version of the Grain (1982) equation with a Fishtine factor (Lyman, 1985; Fishtine, 1963) . Prediction of the absorptive partitioning of large-numbers of compounds requires automation of the methods for the estimation of vapour pressures (Aumont et al., 2005; Johnson et al., 2006) . EPI-Suite can provide estimated boiling points and vapour pressures rapidly in batch mode using SMILES strings (EPA, 2009) as input. However the vapour pressure equation used by EPI-Suite has limited ability to predict the slope of a vapour pressure curve with respect to temperature due to the small number of values (6 in total) that the Fishtine factor can take. Also, apart from polyols, the application of the Fishtine factor to multifunctional compounds is undefined. In contrast the Nannoolal et al. (2008) method provides 130+ group contributions plus group interactions (all derived from experimental data) to predict the slope of the vapour pressure curve with temperature. To test whether this large number of fitted parameters (133 required for our test set of multifunctional compounds) clearly improved the vapour pressure predictions, a simplified form of the Nannoolal et al. (2008) equation in which all group interactions were dropped, and the number of structural groups required to describe the test set was reduced to 15, was created and tested against the other methods. This simplified equation was expected to produce inferior results to the full model although it does retain the functional form with temperature of the full method.
Some recently reported estimation methods provide vapour pressure values at low temperature without using a boiling point. In this latter category there are a number of methods that have been developed specifically for compounds of atmospheric interest, although in some cases the range of functionality is limited. These include the estimation method of Capouet and Muller (2006) which uses the estimated vapour pressure of a homologous hydrocarbon which is then corrected for the functionality present; and the group contribution method from Pankow and Asher (2008) specifically aimed at atmospherically important compounds.
The selection of a vapour pressure estimation method for use in the modelling of aerosol formation is always going to be a compromise between accuracy, complexity and coverage of all the required functional groups. Increasing the complexity of a model by adding in more adjustable parameters to improve accuracy can result in overfitting if taken too far. It is clear that there is no general agreement as to the best vapour pressure method to use for compounds of atmospheric interest. Clegg et al. (2008) reviewed the predictions made by a wide range of vapour pressure estimation methods of a limited number of surrogate compounds of atmospheric interest and showed that the methods could give very divergent predictions for the same compound. The current work specifically aims to identify the estimation method likely to provide the most accurate vapour pressure predictions for the degradation products of atmospheric volatile organic compound (VOC) oxidation, thereby providing a recommendation for the method most suitable for vapour pressure prediction for the purposes of ambient gas-particle partitioning. The sensitivity of aerosol formation to variation in vapour pressure values will also be investigated. It is assumed that the organic compounds most likely to contribute to OA will be multifunctional and have low vapour pressures (<100 Pa) at ambient temperatures. This includes any components which may be present in OA by virtue of properties or processes other than their low volatility (e.g. reversible or irreversible reactive uptake or significant condensed phase reactions).
Methodology
Vapour pressure estimation methods based upon the principle of corresponding states seem unlikely to be able to give good predictions for complex multifunctional compounds of atmospheric importance. This is because these models require values for the compound's critical temperature (T c ) and pressure (P c ). These methods can give good results for volatile fluids, particularly if experimental T c and P c are available (Poling et al., 2001) . However for the compounds of interest in this work critical values would have to be estimated, and the estimation methods (e.g. methods by Joback and Ambrose, Reid et al., 1987) typically use a T b value; which will also be estimated. Hence there is considerable scope for an accumulation of errors. Also the database for experimental critical properties is much smaller than that for boiling points, and will contain even fewer multifunctional compounds. This suggests that any critical property estimation method will provide rapidly poorer estimates of T c and P c as the molecular functionality increases and the volatility decreases. Despite the logic of these arguments it is important to note that Camredon and Aumont (2006) obtained very acceptable results using the Lee-Kesler equation with T c and P c estimated by the method of Ambrose ; although it is noticeable that the scatter of their data increases markedly at lower volatilities in agreement with the above argument. Despite our reservations about corresponding states methods we decided to test the same method against our test set of 45 multifunctional compounds to see how our results compared to those of Camredon and Aumont.
The bulk of this work will consider combined estimation methods where T b is first estimated and then a vapour pressure value at the required temperature is obtained by extrapolation from T b using a vapour pressure equation. To assess the accuracy of the vapour pressure equations it is necessary to use low or very low vapour pressure data (below 100 Pa) to ensure a significant extrapolation from T b . While vapour pressure data below 100 Pa are available for a range of multifunctional compounds, only a small number (e.g. some diols, polyethers, anisaldehyde and glycerol) also have an experimentally-determined T b value. Unfortunately, it is therefore not possible to assess the accuracy of the vapour pressure equations independently of T b values using a diverse set of multifunctional compounds. In this work, vapour pressure equations were first screened using low vapour pressure data for those multifunctional compounds for which experimental T b values are available, supplemented by a more diverse set of additional compounds (mainly monofunctional); in combination referred to as Test Set 1. From this screening process, four independent equations were selected to be combined with three T b estimation methods and evaluated against vapour pressure data for 45 multifunctional compounds; referred to as Test Set 2.
The boiling point estimation methods selected were all group contribution methods mentioned in Sect. 1.2 and span a wide range of complexity. The simplest method is that of Joback and Reid (1987) (JR method -41 groups); the method of Stein and Brown (1994) (SB) is adapted from the JR method with additional groups (85 in total) and a correction for high boiling point values. The third method is that of Nannoolal et al. (2004) (N-Tb) which includes both primary and secondary groups along with group interactions (207 terms in total).
Selection of vapour pressure estimation methods
The number of vapour pressure equations reported in the literature that could be combined with estimated T b values is large, although several equations are variations on each other. Two vapour pressure equations that have been widely quoted in the environmental literature are the Grain-Watson (GW) equation (Lyman, 1985; Grain, 1982) and a simplified version quoted by Baum (1998) . The GW equation has the form:
Where T p =T /T b and m=0.4133−0.2575 T p . In this section calculated vapour pressures p 0 i are in atmospheres, and T and T b are the temperature and normal boiling point (both in K), respectively.
The simplified expression from Baum is:
Both expressions require a value for the latent entropy of vapourisation ( S vap ) at the normal boiling point. This can be obtained from the latent enthalpy of vapourisation if it is known:
or can be estimated by a group contribution method: e.g. Joback and Reid (1987) .
where N i H i are the contributions for each group (i) and H vap is in kJ mol −1 (Poling et al., 2001) . Alternatively, various expressions based upon Trouton's Rule have been suggested e.g. Lyman (1985) proposed:
where K f is a structural factor of Fishtine (1963) . The EPA software EPI-Suite uses the GW equation (Eq. 1) with a very similar expression to the above for S vap to calculate vapour pressure values. Unfortunately the Fishtine factor is only defined for a very limited range of functional groups and this form of the expression may not work well for complex multifunctional compounds. Vetere (1995) has proposed equations for S vap that are polynomials in T b (Poling et al., 2001) :
Where A, B and C take different values for hydrocarbons, alcohols/acids and all other polar compounds and M is the molecular weight (modified for halogen and phosphorus compounds). The equation of Myrdal and Yalkowsky (1997) (MY) relates the latent entropy of vaporisation to the rigidity of the molecular structure and the number of hydrogen bonds:
Where τ is the effective number of torsional bonds and HBN is the hydrogen bond number. The vapour pressure equation takes account of heat capacity terms and has the form:
The most complex method considered here is that of Nannoolal et al. (2008) (will be referred to as the N-VP equation) which uses a group contribution method (same groups as in the N-Tb method mentioned above) to predict the slope of the vapour pressure curve:
Where T p is the reduced temperature (=T /T b ) and is referred to as T rb in Nannoolal et al. (2008) . The parameter dB, which adjusts the slope of the vapour pressure curve, is estimated from the structure of the molecule using group contributions:
where the first term in the brackets is the sum of group contributions for both primary and secondary groups and the second term refers to a group interaction contribution:
where C i−j =C j −i ; and m, n are the total number of interacting groups and the number of (non-hydrogen) atoms in the molecule, respectively. In summary the seven vapour pressure equations that were assessed in the first screening were:
(a) The GW equation (Eq. 1) with S vap given by the formalism of Vetere (Eq. 6).
(b) The equation of Baum (Eq. 2) with S vap given by the formalism of Vetere (Eq. 6).
(c) The GW equation (Eq. 1) with
(e) The GW equation (Eq. 1) with S vap given by a group contribution method for H vap (Eq. 4).
(f) The MY equation (Eqs. 7, 8) .
(g) The N-VP equation (Eqs. 9-11).
This work will also consider some variants on the Nannoolal method; a corresponding states method (Lee-Kesler), and two methods that do not require a boiling point. The accuracy of these methods will be compared to the accuracy of the best combined methods once these have been found using Test Set 2.
The full N-VP model has primary and second order group contributions and group interactions (GI in Eqs. 10 and 11); some 133 parameters are required to describe the compounds of Test set 2. To test whether all these parameters are important for the estimation of the vapour pressures of the 45 multifunctional compounds a simplified vapour pressure equation was created with 15 parameters (see Table 1 ). This simplified Nannoolal model (referred to in this work as the NSim method) was designed to be a version without second order group contributions or group interactions and with a minimal number of primary group contributions. The aim was to find out if these addition parameters, which might be very important for determining the vapour pressures of the relatively volatile hydrocarbons and monofunctional compounds which will dominate the experimental data used in the parameter fitting, had a detectable impact upon the predictions for the low volatility multifunctional compounds of primary interest to this work. The primary groups are required to describe the molecule and it is important that all heavy atoms (C, O, N, Cl) are accounted for. However the use of 31 groups to describe hydrocarbon structures is probably driven by detailed vapour pressure data for these compounds and we decided to simplify the method by taking an average value (see Table 1 ). We retained all the main nonhydrocarbon functional groups (with some averaging, e.g. for alcohols) to account for all heavy atoms and because the size of the group contributions for the functional groups were so much larger than those for the hydrocarbon groups (see Table 1 ). The second order groups are corrections for specific structural features and generally give small group contribution values. Although the group interactions could potentially be important for our test set and some of the group contributions are quite large it should be noted that their contribution to the slope of the vapour pressure curve is inversely proportional to the number of heavy atoms in the molecule. Hence their impact upon the vapour pressures of the relatively large molecules in Test set 2 may be limited. On this basis the second order group contributions and group interactions were dropped from the N-Sim method.
The method of Moller et al. (2008) (will be referred to as the M-VP method) is an improvement of the Nannoolal et al. (2008) (N-VP) method. It features an additional term to improve predictions for aliphatic alcohols and carboxylic acids; new size dependent groups to improve predictions for several functional groups, and new hydrocarbon groups. Rewriting Eq. 9 and adding the extra term gives;
where the second term on the right side is the new term for carboxylic acids and alcohols and D is set to zero when they are not present. In the N-VP method, C(T b )=T b /8 (see Eq. 9), but this is replaced with the following term:
and B and D are obtained by the summation of the appropriated group contributions, including size dependant groups and group interactions. All group contributions were refitted to the above equations. The Lee-Kesler method (or LK method - Reid et al., 1987 -Sect. 7 .2) requires the critical temperature (T c ) and critical pressure (P c ) for each compound, and these properties were calculated by the estimation method of Ambrose Sect. 2.2) using the best available estimated T b values (provided by the N-Tb method -see below). The vapour pressure equation is:
where P 0 ir is the reduced vapour pressure (=P /P c with P and P c both in atmospheres) and T r is the reduced temperature (=T /T c with T and T c both in K). ω is Pitzer's acentric factor, while f (0) and f (1) are polynomials in T r : and ω is estimated from the T b and critical properties using the following three equations (Reid et al., 1987 -Sect. 2. 3): 
where θ=T b /T c . The two methods for the estimation of vapour pressures that don't require a boiling point value are SIMPOL.1 (Pankow and Asher, 2008) and the method of Capouet and Muller (2006) . The SIMPOL.1 method is a group contribution method where each group has a specified temperature dependance:
Where k takes the values 0, 1, 2, ... up to 30 and the term with k=0 is the zeroeth group or constant term. The non-zero k values refer to structural features in the molecule (aromatic ring, non-aromatic ring, aldehyde, ketone etc.) and ν k,i is the number of times each structural feature occurs. Each b k (T ) is a polynomial in temperature (T ):
The estimation method of Capouet and Muller (2006) (CM method) uses the vapour pressure of a homologous hydrocarbon (estimated if required) which is then corrected for the functionality present:
Where the first term on the right refers to the vapour pressure of the hydrocarbon in atmospheres and the second term is the correction due to the functional groups. Unfortunately the authors only provide τ k (T ) for a limited range of functional groups (carbonyl, nitrate, hydroperoxy, hydroxyl, carboxylic acid and PAN) so this CM method could only be used on a small number of multifunctional compounds. SIMPOL.1 covers a wider range of functionality and a better comparison could be made with the other estimation methods.
Selection of vapour pressure data
Several sets of vapour pressure data have been collected by the atmospheric community and used to develop estimation methods (Pankow and Asher, 2008; Asher and Pankow, 2006; Camredon and Aumont, 2006; Capouet and Muller, 2006) . However these sets often contain data from a mixture of sources, including secondary sources that provide vapour pressure correlations rather than original experimental data. Secondary sources typically provide little or no information about the primary data upon which the correlations are based. In the current work two sets of vapour pressure data were collected solely from the primary literature. Test Set 1 was used to choose the best vapour pressure equations from the seven (A to G) listed in Sect. 2.1, and the selected compounds had to meet the following criteria:
(1) Experimental vapour pressure data at pressures below 40 Pa are available. In most cases several points collected as part of a set were required. A few values above 40 Pa have been included.
(2) An experimental melting point is available; either from the primary literature, or from the Detherm database (www.dechema.de/en/detherm.html), and demonstrates that the measurements in (1) were made on a liquid.
(3) An experimental boiling point is available and in most cases is supported by at least one set of experimental vapour pressure data approaching atmospheric pressure; or at least close to atmospheric pressure (>9×10 4 Pa) so that the boiling point can be confidently obtained by extrapolation.
Members of this test set were selected with the aim of maximising the number of functional groups represented. In general no more than two examples were used for each functional group, although multifunctionality was counted separately (so there are two alcohols, two diols and a triol in this test set). Very few multifunctional compounds have both well-established boiling points and experimentally determined very low-vapour pressure data so most members of this test set were mono-functional; two hydrocarbons were included for completeness.
These criteria inevitably excluded a wide range of compounds from this test set. In addition to the exclusion of most multifunctional compounds the selected molecules tend to have a low molecular weight and the criteria that they need to be stable at the experimental boiling points may exclude some functional groups (e.g. nitrate, some nitro compounds and some aldehydes) which encourage decomposition at elevated temperatures. The requirement of liquid phase vapour pressure data below 40 Pa means that very regular molecules are excluded because they will have relatively high melting points (an extreme example is camphor). In the case of aromatics, alkyl substituents disrupt the crystal packing and lower the melting point so several of these appear in the list but more regular aromatics (e.g. benzoic acid) are excluded because of this requirement.
The compounds of Test Set 1 are listed in Table 2 along with their vapour pressure data, normal boiling point and melting point. Data sources are provided in the supplementary material: http://www.atmos-chem-phys.net/10/749/ 2010/acp-10-749-2010-supplement.pdf. Table 3 , were used to test the accuracy of the combined (T b and vapour pressure equation) estimation methods when applied to multifunctional compounds. In selecting experimental vapour pressure data for this test set the following criteria were followed:
Compounds in Test Set 2, shown in
(1) The compounds must contain two or more nonhydrocarbon functional groups.
(2) The vapour pressure data should consist of two or more consistent points below 100 Pa.
(3) The paper describing the measurement of the vapour pressures should make it clear that the measurements were done on a liquid. If there is any ambiguity or if it was clear that the measurements were made on a solid then an experimental melting point from a primary source is required.
(4) If the compound is a solid at the temperature of measurement then either the melting point should be within 30 K of the measurement temperature or a reliable experimental value for the latent enthalpy ( H fus ) or entropy ( S fus ) of fusion at the melting point should be available.
Using these criteria, data for 47 compounds were found in the primary literature. Two compounds were eventually dropped because estimated predictions for these compounds were closely correlated to those for several other compounds. The 45 remaining compounds with their melting points and vapour pressure data (temperature and pressure ranges after correction) are listed in Table 3 . Data sources for Table 3 are provided in the Supplementary material: http://www.atmos-chem-phys.net/10/749/ 2010/acp-10-749-2010-supplement.pdf. In a few cases the authors represent their data as a correlation, rather than quoting the measured raw data (e.g. Lei et al., 1999) . In these cases each dataset is usually represented by two points at the extremes of the experimental temperature range. For those compounds where the vapour pressures quoted are that of the solid (see Table 3 ) the corresponding sub-cooled liquid vapour pressures (SCL-VP) were obtained by applying the correction of Prausnitz et al. (1986) :
Where p SCL and p S are the SCL-VP and experimental solid (sublimation) vapour pressure (in atmospheres), respectively; S fus is the entropy of fusion; and C p is the best estimate of the underlying change in heat capacity between the liquid and solid state at the melting point, and T m is the melting point temperature (used instead of the triple point temperature). This correction has been discussed at some length by Capouet and Muller (2006) who pointed out that if T m is close to the experimental temperature (T ) then the last two terms in Eq. (23) tend to cancel. In this work, if T was within 30 K of T m then it was considered that the last two terms could be ignored and an estimated S fus (using the method of Myrdal and Yalkowsky, 1997) could be used; though an experimental value was preferred if available. For those compounds where T m −T was greater than 30 K, an experimentally derived S fus was required:
where H fus is the enthalpy of fusion and is usually obtained by differential scanning calorimetry. The heat capacity terms were also included with C p obtained either by a simple linear extrapolation of experimental heat capacity data for both the solid and liquid phase up to the melting point; or estimated from liquid heat capacity values obtained using the group contribution method of Ruzicka and Domalski (1993) and solid heat capacity data from the power law of Goodman et al. (2004) . Details for all compounds requiring these corrections are provided in the Supplementary material: http://www.atmos-chem-phys.net/10/ 749/2010/acp-10-749-2010-supplement.pdf. In general the heat capacity correction was very small compared with the entropic term but for phloroglucinol and 2-hydroxybenzoic acid it is quite substantial; in part because of the high melting points of these substances. A basic error analysis was done for several compounds to estimate the impact of potential errors in the key parameters of Eq. 23. Assuming potential errors of ±40% for estimated quantities ( C p and some S fus values -see Table 3 ); ±20% for experimental S fus and ±2 K for T m then for most compounds the calculated error in the final sub-cooled vapour pressure values was within ±50%; although for a couple of compounds (Phloroglucinol and 2-Hydroxbenzoic acid) the potential error was substantially higher (up to a factor of three). For most compounds these potential errors are of the same order as the experimental scatter in low vapour pressure values, e.g. see Booth et al. (2009) , and are small compared to the differences between the estimated and experimental vapour pressures seen in this work; but for Phloroglucinol and 2-Hydroxbenzoic acid the errors may be more significant and could influence the results for these compounds. 
Results

Evaluation of vapour pressure equations against Test Set 1
For each compound in Test set 1 the predicted vapour pressure was calculated for each point in the dataset using the experimental T b value. The T b value was then changed to the value giving the closest fit of estimated vapour pressure (p est ) to experimental vapour pressure (p exp ), as defined by minimising the objective function -Eq. 25. The experimental T b was then subtracted from the fitted T b (to give T b ) and the resulting values analysed statistically for each method across all the compounds (see Table 4 ).
where the summation is over the n experimental points in the dataset for the specific compound being considered. The difference between the boiling point value required to fit the experimental vapour pressure and the true (experimental) boiling point is a measure of the accuracy of extrapolation from the boiling point to the experimental temperatures and is recorded in Table 4 under T b for all seven methods. Approach G (see Sect. 2.1), using the N-VP equation (Eqs. 9-11), gives the lowest standard deviation, while the smallest bias is provided by method D (vapour pressure calculated using the Baum equation -Eq. 2 -with S vap from Eq. 5). The best three methods with regard to bias are D, F and A; while the best three methods as judged by scatter (standard deviation) are G, F and B. This provided five methods that were better than the remaining two based on either bias or scatter. However the T b values of those methods using a common expression for S vap with the GW equation (Eq. 1) or the Baum equation (Eq. 2) were very closely correlated. T b values calculated using methods A and B showed correlation coefficients ≥0.99, as did values from methods C and D. There is no benefit in testing both Eqs. (1) and (2) against the multifunctional compounds. As the methods using Eq. (2) gave smaller standard deviations than the corresponding methods using Eq. (1) the Baum equation (Eq. 2) was selected for further comparison and methods B, D, F and G were chosen to be evaluated against Test Set 2.
Evaluation against data for multifunctional compounds (Test Set 2)
The four estimation methods above were selected for their ability to extrapolate from normal boiling point down to around ambient temperatures. This section describes the identification of the preferred combined method of estimating vapour pressures for a test set of multifunctional compounds (Test Set 2). Normal boiling point (T b ) values were calculated by three methods for all 45 compounds. Values calculated by the NTb method were verified against the E-Aim website; those calculated using the SB method were verified against EPISuite and the JR values were verified against calculated data from Chem-Draw Ultra version 10.0 (Cambridgesoft, 2005) . As the published descriptions of the latter two methods do not include all the groups required to cover the structural features for the 45 compounds these checks were useful for ensuring that the more complex functional groups (such as carbonate) were represented in a way that was consistent with these readily available implementations. Each set of T b values were used as input for the prediction of vapour pressures at the experimental temperatures for each dataset. The accuracy of the prediction for each compound was summarised by calculating a mean bias error (MBE; see Camredon and Aumont, 2006, Eq. 26) .
Where the summation is over all the datapoints for that compound. Hence a single parameter is calculated for each dataset independent of how many datapoints are in the dataset. The MBE values are summarised for all 12 combined methods in Table 5 along with the calculated means and standard deviation. The different estimation methods are compared in the scatter plots shown in Figure 1 (regression coefficients are tabulated in Table 6 ) and in Fig. 2 where the data in Table 5 are summarised in box-whisker plots. In this box-whisker plot (and in Figs. 5 and 6) the central line of the box marks the median value with the upper and lower bounds of the box marking the upper and lower quartiles, respectively. The notch indicates the 95% confidence limit for the median value. Hence if the notches of two estimation methods don't overlap then the median values are different at the 95% confidence level. In this plot (and in Fig. 1 ) it is clear that the four methods that included the estimation of T b using the JR group contribution method have a significantly different distribution from the other methods. The JR method is consistently over-estimating T b leading to a substantial underprediction of vapour pressure. The most meaningful comparison is with the SB method which was derived from the JR method but with a correction for high temperature boiling points. This work shows that the correction introduced by Stein and Brown is definitely required for these low volatility multifunctional compounds. In contrast to this general trend it is clearly seen in Fig. 1 that the JR method gives unreasonably high vapour pressures for one compound in Test set 2: compound 32, Glycerine carbonate. This reflects the difficulty in handling groups such as carbonate in group contribution estimation methods. In the JR method this group is considered as a combination of an ester and an ether group, while in the EPI-Suite implementation of the SB method it is considered as two ester groups. Hence the JR method underestimates the T b value (giving the high estimated vapour pressures clearly seen in all four panels of Fig. 1 ), while the SB methods overestimates the T b giving vapour pressures that are too low (see Table 5 for the MBE values). The N-Tb method has a specific group contribution for cyclic carbonates obtained from experimental data and gives a better estimate of the experimental vapour pressures (compared to T b by the SB method) when used with 3 out of the 4 vapour pressure equations.
It is clear from Figs. 1 and 2 (and Tables 5 and 6 ) that the combined method using the N-VP equation with T b by N-Tb gives the most accurate values; based upon minimum standard deviation in Table 5 and best R 2 value (for the full set of 45 compounds) in Table 6 . The MY vapour pressure equation is the second best out of the four vapour pressure equations; but this method does have a bias towards overestimating vapour pressures (note the relatively large B coefficient in Table 6 for the N-Tb/MY method compared to the N-Tb/N-VP method). Figure 3 displays the results for those methods that did not require a T b value: SIMPOL.1 and the CM method. The former method could be used on 36 of the 45 compounds (mainly resulting from a lack of group contributions for halogen, carbonate and nitrile) and gave results much more scattered than, either the N-VP equation or the M-VP equation with T b by N-Tb (see R 2 values in Table 6 ).
The CM method could only be used on 9 compounds (containing alcohol, carbonyl or acid groups) out of 45 and and gave more scatter (as judged by the R 2 values in Table 6 ) than the N-Tb/M-VP combined method and very similar scatter to the N-Tb/N-VP method for this limited subset of compounds. Figure 4 compares selected vapour pressure equations using the best T b estimation method identified from the above analysis of the performance of the combined methods on Test set 2 (the N-Tb method). Despite the reservations about the suitability of vapour pressure methods requiring critical properties for low volatility multifunctional compounds outlined above (see Sect. 2), the LKA method gave quite reasonable results although the vapour pressure equation clearly contributes more to the scatter of the data than the N-VP or M-VP equations (leading to a reduction in R 2 from more than 0.79 to about 0.74 -see Table 6 ). Figure 4 , panel b shows that the N-Tb/LKA model data does become more scattered at lower experimental vapour pressures but the effect is less marked than that seen by Camredon and Aumont (2006) (see their Fig. 4, panel a) .
The other conclusion that may be drawn from Fig. 4 is that for Test set 2 there is little difference in the accuracy of the N-VP, M-VP and N-Sim vapour pressure equations when used with the N-Tb estimation method. This strongly suggests that the differences between the estimated and experimental Fig. 4 are dominated by the errors in the T b estimation method. The errors in predicting T b dominate any differences in performance between these three vapour pressure equations leading to the greatly simplified N-Sim model giving similar results to the full N-VP method. Myrdal and Yalkowsky (1997) reported that their method (MY) fitted their experimental database with an average factor error (as defined by Camredon and Aumont, 2006 ) of 1.62. Camredon and Aumont (2006) reported good results using the JR T b estimation method with the MY vapour pressure equation, and did not report any significant bias in T b from using the JR estimation method in contrast to the results noted above. This may be because most of the compounds in their database had experimental T b values below 550 K. They reported an average factor error of about 2 for all compounds and 3 for di-and tri-functionalised compounds. Nannoolal et al. (2008) claim a very low average factor error (<1.1) for a test set of 396 compounds using N-VP equation. Pankow and Asher (2008) quote an average error factor of about 2.2 for the SIMPOL.1 method. By contrast the average error factor for Test Set 2, calculated from the MBE values in Table 5 , was 2.7 for T b by N-Tb and vapour pressure estimated by the N-VP equation; 3.5 for T b by N-Tb, with the MY vapour pressure equation; 5.2 for the SIMPOL.1 method; and 12.3 for T b by JR coupled with the MY vapour pressure equation. These error factors are significantly higher than those quoted by the various authors for their respective methods and highlight how demanding the calculation of very low vapour pressures for multifunctional compounds is for any estimation method. As discussed below the compounds in Test Set 2 are some 100-1000 times more volatile than the compounds expected to condense into organic aerosol (OA) so these errors are very likely to get worse when applied to atmospherically relevant partitioning. 
An atmospherically relevant example
To represent the partitioning of semi-volatile organic compounds, it is convenient to use the volatility binning principle of Donahue et al. (2006) with the aim of modelling amounts of OA typical of moderately polluted ambient conditions (about 10 µg m −3 see their Fig. 1a) . Donahue et al. (2006) relate the formation of OA to the volatility of the condensing species using a saturated vapour density derived from the vapour pressure of each component, i:
where γ i is the activity coefficient (here assumed to be unity), M i is the molecular weight and p 0 i is the saturated liquid vapour pressure in atmospheres (sub-cooled if necessary) of component i; R is the gas constant (=8.2057×10 −5 atm m 3 mol −1 K) and the resulting C * i value is in µg m −3 . They propose binning the atmospheric compounds based upon the logarithm of their C * i value. In Fig. 1a of Donahue et al. (2006) , where the formation of 10.6 µg m −3 of OA is modelled; components in bin 1 (log 10 C * i =1 or C * i =10) partition equally between the condensed and vapour phases. Components in bin 2 remain largely in the vapour phase while those in bin 0 largely condense. Hence for an example where 10.6 µg m −3 of OA is formed by partitioning then the maximum sensitivity of the amount of OA formed to vapour pressure values will be for those compounds in bins 0, +1 and +2. Compounds in higher bins only partition to a small extent and compounds in lower bins almost completely partition to the condensed phase so the amount of OA formed will be relatively insensitive to changes in vapour pressures for these compounds. However if changes in vapour pressures result in compounds changing bins, then a much greater impact upon the amount of OA formed can occur. For example; if a compound in bin +3 (where it would have little impact upon the amount of OA formed) has its vapour pressure reduced by a factor of 100 this will cause it to switch to bin +1 where it will have a large effect upon the amount of OA formed. It is clear from Figs. 1 and 2 and Table 5 that changes in vapour pressures sufficient to cause compounds to change bins are quite common among the compounds of Test Set 2, with a potentially substantial impact upon the amount of OA formed.
The 45 multifunctional compounds can be assigned to bins using their C * i values as calculated using Eq. (27). All calculations were performed at a temperature of 25 • C (298.15 K). Experimental vapour pressure data (subcooled liquid data where appropriate; see Table 3 ) was extrapolated/interpolated to 298.15 K by fitting to the two coefficient Antoine equation:
For the majority of compounds an extrapolation to 298.15 K was required. The two coefficient Antoine is known to give a reasonable approximation to known vapour pressures over small temperature intervals and is thus better at extrapolating vapour pressures than more complex forms with extra coefficients (Poling et al., 2001) . These values at 298.15 K will be referred to as "experimentally derived" vapour pressures and will form the base case for the partitioning calculations. C * i values were calculated to give the following distribution of the 45 multifunctional compounds in the Donahue bins: Bin +6, 3 compounds; +5, 9 compounds; +4, 12 compounds; +3, 9 compounds; +2, 7 compounds; +1, 4 compounds; 0, 1 compound.
Only one compound (phloroglucinol) is in bin 0, and 4 compounds (4-aminobenzoic acid, 3-(3,4-dimethoxyphenyl)propionic acid, pimelic and glutaric acids) are in bin +1. For the example where 10.6 µg m −3 of OA is formed, only phloroglucinol would show a high proportion of condensation while the other four compounds would show roughly equal partitioning between the condensed and vapour phases. All compounds, outside of these five, have been assigned to bins where only a small proportion (for many compounds, a very small proportion) of the compound would partition into the condensed phase. It should therefore be noted that the compounds of Test Set 2, despite their selection for multifunctionality and very low experimental vapour pressures, are still about 100-1000 times more volatile than the compounds believed to form OA under typical ambient conditions. 
Partitioning of multifunctional compounds into OA under typical ambient conditions: the effect of changes in vapour pressure values
The partitioning model follows the approach described in Barley et al. (2009) . This approach is based upon earlier models, e.g. Pankow (1994) with modification. The semi-volatile compounds are partitioned according to their saturation concentration (C * i ) value: Where p 0 i is the saturated vapour pressure of component i in atmospheres; R, T and γ i have the same meaning as in Eq. (27); C * i is the saturation concentration in µmol m −3 . This can be converted to the C * i (in µg m −3 ) described by Donahue (Eq. 27) by multiplying by M i .
The amount of condensed material (C OA ) is then calculated by summing over all components i ensuring mole balance between the two phases for each component considered. Defining a partitioning coefficient ξ i for compound i given its saturation concentration C * i (Eq. 29).
where both C * i and C OA have units of µmol m −3 . The total number of moles of organic aerosol is the sum of the products of the individual component concentrations (C i ) and their partitioning coefficient (ξ i ):
This calculation provides the amount of each component in the condensed phase in µmol m −3 and is readily converted into mass based amounts by multiplying by the appropriate molecular weight. Summing the mass based condensed quantities for all the compounds provides the total condensed OA in mass based units. In this example the C * i for all 45 multifunctional compounds were calculated using Eq. (29) and experimentally derived vapour pressures at 298.15 K. All compounds were assigned the same individual component concentration (C i ) and this was set to a value (0.02666 µmol m −3 ) such that the partitioning model converged (C OA =0.062715 µmol m −3 ) to give 10.6 µg m −3 of OA. This formed the base case for the effect of changing vapour pressures on the partitioning of compounds to OA.
If the partitioning is recalculated with the experimentally derived vapour pressures replaced by estimated values then the compounds may move between the Donahue bins (see end of Sect. 4.1) and the amount of predicted OA varies dramatically (between 0 and 110 µg m −3 ) depending upon which estimation method is used. If the experimentally derived vapour pressures are all doubled the amount of predicted OA falls to zero (from 10.6 µg m −3 ). This demonstrates the sensitivity of OA formation to errors in estimated vapour pressures.
A large part of this extreme sensitivity of the amount of OA formed to the vapour pressure values used in the partitioning calculation is a reflection of the fact that this set of multifunctional compounds is too volatile to consistently form atmospherically relevant amounts of OA. A different approach is required to compare the effect of the 12 vapour pressure estimation methods shown in Figs. 1 and 2 on the amount of OA formed in this example. The base case described above was repeatedly run with a single vapour pressure value replaced by an estimated value. This was performed for each compound in sequence to give a distribution of 45 OA masses that can then be represented on a boxwhisker plot. The results for all 12 estimation methods are shown in Fig. 5 . The striking feature about this plot is that despite the fact that only 1/45th of the total number of moles in the mixture is assigned the estimated vapour pressure, some compounds cause the predicted amount of OA to change by a factor of two or more; and this is true for all the estimation methods, even those that give the most accurate predictions. In Fig. 5 the vast majority of compounds had little effect on the amount of OA formed because they are too volatile. This gives a very small box and a very similar distribution of outliers for all the estimation methods except those using T b by the JR method. As mentioned above this method significantly overestimates T b leading to many compounds that would be assigned (on the basis of their experimentally derived vapour pressures) to bins too high to significantly impact upon the amount of OA formed moving two or more bins down into the range where they do significantly affect the amount of OA predicted.
To better differentiate between the methods that did not use T b by the JR method, the results for the 12 least volatile compounds, based upon their experimentally derived vapour pressures (bins 0 to +2: see above) were replotted in Fig. 6 . This plot does allow some differentiation between the predictions of the non-Joback methods but also emphasizes how important it is to obtain accurate vapour pressures for those compounds that are in the critical bins (in the example used here: bins 0 to +2) where ξ i (see Eq. 30 ) is in the range 0.05-0.95.
Conclusions
The estimation method reported in Nannoolal et al. (2004) provide the most accurate T b values. Stein and Brown (1994) provided the second best estimation method for T b . The prediction of vapour pressures for the 45 multifunctional compounds of Test set 2 showed that the method of Nannoolal et al. (2008) and the method of Moller et al. (2008) were better than the other vapour pressure methods studied when used with the Nannoolal et al. (2004) T b estimation method. However the results for both these vapour pressure equations (and the simplified form of the Nannoolal vapour pressure equation) are so similar that it is not possible, on the basis of this work, to select between them. The errors in the estimation of T b dominate the smaller differences between the vapour pressure equations. The Moller et al. (2008) vapour pressure equation may be preferred to the other methods because the extra term for alcohols and acids potentially allows improved accuracy for these atmospherically important compounds (Bilde et al., 2003) . This work highlights that, for a method that combines T b estimation with a vapour pressure equation, improvement in the T b estimation method will yield the greatest improvement in model skill for atmospherically important compounds. However the database of experimental T b values is limited and contains few multifunctional compounds of the type seen in Test set 2 because these compounds have sufficiently high T b values that they decompose before the normal boiling point temperature is reached. To improve T b estimation methods more boiling point data for relatively involatile multifunctional compounds are required. This could be provided by extrapolating experimental vapour pressure data up to atmospheric pressure using a reliable vapour pressure equation. These "pseudo-experimental boiling points" could be combined with true experimental boiling point values for less structurally complex compounds and used to improve the estimation of normal boiling points.
The sensitivity of the amount of OA formed to the vapour pressure values used in the partitioning calculation was investigated for an atmospherically relevant example from the literature. It was found that despite the selection of the multifunctional compounds for their low vapour pressures they were still some 100-1000 times more volatile than the compounds expected to contribute significantly to OA. The amount of OA predicted to form (and by extension its composition) was extremely sensitive to changes in vapour pressure values (especially for the least volatile components) typical of the differences seen between estimation methods. The potential impact of errors in estimated vapour pressure values upon the amount and composition of predicted OA should not be underestimated.
